Objective: Infants born to mothers with obesity have greater adiposity, ectopic fat storage, and are at increased risk for childhood obesity and metabolic disease compared with infants of normal weight mothers, though the cellular mechanisms mediating these effects are unclear. Methods: We tested the hypothesis that human, umbilical cord-derived mesenchymal stem cells (MSCs) from infants born to obese (Ob-MSC) versus normal weight (NW-MSC) mothers demonstrate altered fatty acid metabolism consistent with adult obesity. In infant MSCs undergoing myogenesis in vitro, we measured cellular lipid metabolism and AMPK activity, AMPK activation in response to cellular nutrient stress, and MSC DNA methylation and mRNA content of genes related to oxidative metabolism. Results: We found that Ob-MSCs exhibit greater lipid accumulation, lower fatty acid oxidation (FAO), and dysregulation of AMPK activity when undergoing myogenesis in vitro. Further experiments revealed a clear phenotype distinction within the Ob-MSC group where more severe MSC metabolic perturbation corresponded to greater neonatal adiposity and umbilical cord blood insulin levels. Targeted analysis of DNA methylation array revealed Ob-MSC hypermethylation in genes regulating FAO (PRKAG2, ACC2, CPT1A, SDHC) and corresponding lower mRNA content of these genes. Moreover, MSC methylation was positively correlated with infant adiposity. Conclusions: These data suggest that greater infant adiposity is associated with suppressed AMPK activity and reduced lipid oxidation in MSCs from infants born to mothers with obesity and may be an important, early marker of underlying obesity risk.
INTRODUCTION
The developmental origins of health and disease hypothesis describes how intrauterine and early life stressors can alter the structure and function of fetal cells and tissues, thus changing offspring physiology and metabolism. Epidemiological data indicate that obesity during pregnancy is an important contributor to adiposity and metabolic disease risk in the offspring, independent of postnatal exposures [1, 2] . Across multiple species, including humans, maternal obesity results in excess adiposity in fetal and/or adult offspring, both in adipose tissue depots and as ectopic fat stores in liver and skeletal muscle [3e8] . Such ectopic fat deposition in skeletal muscle is well-documented in adults with established obesity and linked to perturbations in fatty acid metabolism [9] , but whether maternal obesity alters lipid partitioning in human offspring is not clear.
At the cellular level, animal models demonstrate that obesity during pregnancy accelerates fetal adipogenesis and alters lipid balance and energy metabolism, affecting both adipocytes and skeletal myocytes [7, 10] . In utero, skeletal muscle and adipose tissues both develop from mesenchymal stem cells (MSC), which also reside in these developed tissues for repair and maintenance (e.g. adipose stromovascular [SV] cells, skeletal muscle satellite cells). Thus, perturbations to the MSC lineage not only may alter tissue development in utero but also may maintain altered tissue phenotype throughout life. For example, skeletal muscle satellite cells from adults with established obesity and/or type 2 diabetes exhibit altered lipid partitioning when differentiated to myotubes in vitro. These metabolic outcomes often track with the in vivo metabolic phenotype of the donor [9, 11, 12] , suggesting that the origins of altered lipid partitioning may be genetic or epigenetic in origin. However, it is unclear if these differences were present prior to the development of obesity or diabetes.
Intrauterine development is a period of rapid growth and epigenetic remodeling, during which the fetus is particularly vulnerable to conditions that may adversely impact tissue development and disease propensity later in life. Epigenetic modifications observed in fetal tissues and tissue-derived MSCs from animals exposed to intrauterine obesity [13e15] suggest that cell-autonomous MSC predisposition may be present from birth. For example, SV cells from offspring of obese rodents exhibit greater adipogenesis when induced in vitro [13, 14] . In primates, oxidative metabolism is reduced not only in fetal skeletal muscle from obese dams but also in fetal muscle-derived satellite cells when differentiated to myotubes in vitro [10] . Together, these findings suggest that altered metabolism occurs during fetal development in the offspring MSC, prior to the onset of overt obesity. One notable early example of human epigenetic modification is hypermethylation of the RXRA gene promoter in umbilical cord tissue that was associated with greater adiposity at age nine [16] . These findings suggest that genes regulating lipid metabolism may be altered in human neonatal tissues and predict risk for greater adiposity later in life. To date, a major limitation of such epigenetic studies in human infants is a lack of specificity for cell population or direct measures of corresponding mRNA content, protein content, or pathway function. However, umbilical cord tissue is a robust source of fetal MSCs that can be differentiated in vitro into biologically relevant cell types as a model for investigating the functional implications of adverse intrauterine exposures. We have reported that human umbilical cordderived MSCs from infants born to mothers with obesity exhibit greater adipogenesis in vitro [4] . Moreover, we found that lipid content of the adipogenic differentiating MSCs correlated with neonatal adiposity [4] . Here, we investigated cellular lipid metabolism and AMPK activity in infant MSCs undergoing myogenesis in vitro. We hypothesized that MSCs from infants of obese mothers would demonstrate altered lipid partitioning and lower fatty acid oxidation, as observed in adults with established obesity and in MSCs from animal models of maternal obesity. We also investigated the regulation of AMPK in response to cellular nutrient stress and potential epigenetic mechanisms for our observed metabolic differences.
MATERIALS AND METHODS

Ethics statement
This study used umbilical cord tissue samples and other data collected by the Healthy Start Study (ClinicalTrials.gov; NCT02273297). Approval for this study was obtained from the Colorado Multiple Institutional Review Board at the University of Colorado Hospital. Written, informed consent was obtained from all participants at enrollment.
Subjects
The Healthy Start longitudinal pre-birth cohort study enrolled 1410 pregnant women ages 16 and older, 23 weeks gestation, recruited from the obstetrics clinics at the University of Colorado Hospital during 2010e2014. Women were excluded if they had prior diabetes, prior premature birth, serious psychiatric illness, or a current multiple pregnancy. MSCs from 165 infants were collected under the mechanistic arm of Healthy Start: BabyBUMP, from which 15 normal-weight and 14 obese mothers were selected, as described in detail [4] . Data collection for Healthy Start has been previously described [5] . Briefly, pregnant women were evaluated at median weeks 17 and 27 gestation for demographics, tobacco use, height, and weight. Fasting blood samples were drawn for measures of glucose, insulin, triglycerides, and free fatty acids (FFA). Pre-pregnancy BMI was obtained through medical record abstraction (84%) or self-report at the first research visit (16%). Gestational weight gain was defined as the difference between pre-pregnancy weight and weight at delivery. Infant birth weight was obtained from medical records and infant weight, length, and body composition (fat mass [FM] , fat-free mass [FFM] ; whole body air plethysmography [PEA POD, COSMED, Inc.]) were measured within 24e48 h after birth.
MSC isolation and culture
MSCs were cultured from fresh umbilical cord tissue explants of normal-weight (NW-MSC; n ¼ 15) and obese (Ob-MSC; n ¼ 14) mothers, as described [4] . As previously described, MSCs were >98% positive for MSC markers CD73, CD90, and CD105, and were negative for hematopoietic and lymphocyte markers CD34, CD45, and CD19 [4] . All experiments were performed on cells in passages 4e6. Myogenesis was induced for 21 d, as described [4, 17] . In our hands, MSCs express appropriate adipogenic or skeletal myogenic markers with respective induction in vitro [4] . Our previous report showed no difference in myogenic markers between NW-and ObMSCs, with similar percentages of cells expressing myogenin protein, as measured by flow cytometry [4] . Measures were made in MSCs with growth medium only (GM, undifferentiated) or following 21d of myogenic induction medium (MIM, myogenic differentiating), as indicated. 14 C-labeled fatty acid oxidation (FAO) was measured using 200 mM oleate and palmitate (2:1 ratio) with 1 mM carnitine, as described [18] . This method measures both complete oxidation of fatty acids to CO 2 and incomplete oxidation of fatty acids as determined by acid soluble metabolites (ASM) s. FAO is the sum of these component measures. For lipid esterification and total lipid uptake assays, 14 C-esterified lipids were extracted by chloroform/methanol and total content of 14 C was measured in cell lysates. Total cellular lipid uptake is calculated as the total FAO þ cell lysate measures. All measures were performed in triplicate, and data were corrected for total protein content, as measured by BCA method (bicinchoninic acid assay; Pierce Biotechnology, Inc.).
2.5. Glycolysis and glucose uptake assays Following 21 d of myogenic induction, media was freshly replaced with either media alone or media supplemented with 100 mM 2-deoxyglucose or 1 mg/mL oligomycin. Cells were incubated 2 h at 37 C and L-lactate accumulation was measured in the media using the Glycolysis Cell-Based Assay Kit (Cayman Chemical, Ann Arbor, MI). Data were corrected for values in a no cell control well and for total protein content, as measured by BCA method. 3 H-2 deoxyglucose uptake was measured as described [19] in 21 d myogenic differentiating cells as an index of basal glucose uptake. Data were normalized to wells treated with cytochalasin B as a negative control and to total protein content.
2.6. Enzyme activity assays Pelleted cells were flash frozen for later preparation of mitochondrialenriched supernatants and measures of citrate synthase (CS) activity in duplicate, as previously described [20] . Total carnitine palmitoyl transferase (CPT) activity was measured as described with minor modification [21] . Briefly, mitochondria were freshly isolated by differential centrifugation [21] . Total CPT activity was measured in quadruplicate spectrophotometrically. Protein content was determined by BCA assay and used to normalize enzyme activity measures. Ser792 /raptor, or Mitoprofile OXPHOS antibody cocktail, which measures electron transport system (ETS) complexes, were performed as described [22] . Antibodies and conditions are detailed in Supplemental Table 1. 2.8. RNA isolation and qPCR Cells were harvested in Buffer RLT Plus (Qiagen). Total RNA was isolated using RNeasy Plus mini kit (Qiagen) and cDNA transcribed from 1 mg total RNA using iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA). qPCR was performed using Taqman Gene Expression Assays with Taqman Fast Advanced Mastermix (Thermo Fisher Scientific, Waltham, MA) for genes of interest with ACTB and GAPDH as reference genes with a no-template control per gene. Reactions were run in triplicate on a Viia 7 Real Time PCR System (Thermo Fisher). Data were normalized using the geometric mean of the reference genes. Gene IDs and primer information are listed in Supplemental Table 2. 2.9. DNA isolation and 450 K methylation array Genomic DNA was purified from undifferentiated MSCs with proteinase K digestion and extraction using the QIAamp DNA mini kit (Qiagen, Germantown, MD), according to manufacturer's protocol. Total doublestranded DNA was measured using QubitÔ (Thermo Fisher Scientific).
DNA (1 mg) was bisulfite-converted using the EZ DNA Methylation kit (Zymo Research, Irvine, CA), according to manufacturer's protocol. Illumina's Infinium Human Methylation 450 K BeadChip (Illumina, San Diego, CA) was used to measure DNA methylation on bisulfite-treated genomic DNA from undifferentiated MSCs at the Genomics and Microarray Core at University of Colorado Anschutz Medical Campus. All samples were assayed in one batch.
CpG bisulfite pyrosequencing
For the genesets analyzed, we selected three CpGs, one from each of the differentially methylated regions identified (cg02022322, cg17058475, cg20534694) as significantly different to independently verify the CpG sites identified in this study by bisulfite pyrosequencing. Bisulfite-converted DNA was PCR amplified using primers designed in the Pyromark Assay Design Software (Qiagen, Germantown, MD). Pyrosequencing was performed on the PyroMark Q96 MD sequencer (Qiagen, Germantown, MD) using reagents and protocols supplied by the manufacturer. PCR and sequencing were performed in triplicate for each sample. Each plate contained 0%, 50%, and 100% methylated controls. Percent methylation was calculated from the peak heights of C and T using the Pyro Q-CpG software (Qiagen, Germantown, MD). We were unable to adequately optimize one set of primers (cg20534694); therefore, we only reported the remaining two.
Statistical analyses for individual MSC data D'
Agostino & Pearson tests were used to assess normality of the data. Levene's tests were used to assess unequal variance. For testing comparisons between groups, independent t-tests or ManneWhitney U tests were used, where appropriate. For comparison of three groups (NW-MSC, ObLo-MSC, ObHi-MSC) data were analyzed using analysis of variance (ANOVA) with planned contrasts to evaluate the data as three independent groups, as well as NW-versus Ob-MSC differences. For treatment experiments, paired t-tests were used for comparison of control versus treatment conditions for all MSCs combined. Pearson correlations were used to identify relationships between MSC methylation and maternal and infant measures, with Bonferroni correction for multiple testing. All data are expressed as mean AE SEM. Differences between groups were considered statistically significant if P 0.05.
Statistical analyses for methylation array
All arrays passed a sample-specific quality control where the log2 transformed intensities for both the methylated and unmethylated channels were examined for having sufficient intensity levels. Individual probes that failed in 10% of samples (based on detection Pvalues) or had a low bead count (<3 beads) were removed from the analysis. The remaining probes were mapped to the human genome (GRCh37/hg19). Probes that did not uniquely align to the genome were removed. Probes containing a known single-nucleotide polymorphism (SNP) were kept in the analysis, but flagged. Arrays were then normalized using subset-quantile within array normalization (SWAN).
Both M values (log2 of methylated to unmethylated ratio) and b-values (proportion of sites methylated) were produced. The normalized M values were used for all subsequent analyses, whereas the b-values on the scale of 0%e100% are reported to facilitate biological interpretation. Array processing and quality control was performed in R (v. 3.2.0) using the minfi (v.1.14.0) [23] and wateRmelon (v.1.8.0) [24] packages. Only sites located within selected genes specific to oxidative metabolism were included for statistical analyses (68 genes, 1,174 CpG sites; Supplemental Tables 3 and 4) , with multiple testing adjusted for the number of CpGs included in the analysis. A kernel smoothing method for differentially methylated region (DMR) analysis using the DRMcate package in R (v.1.4.2) [25] , was performed to identify DMRs between NW-and Ob-MSCs, while adjusting for gestational weight gain and infant sex. DMRs with P < 0.05 were considered significant. The number of probes included in these regions, genomic coordinates, mean b-values for each probe in the DMR, and the minimum P-value adjusted for multiple testing, across the region are reported (Supplemental Table 5 ). Mean b-values for each probe analyzed are reported in Supplemental Table 6 .
RESULTS
Maternal and infant characteristics
By design, mothers with obesity had higher BMI, but similar maternal age, gestational age at delivery, infant sex, and time to confluence for initial MSC culture (Table 1) . Mothers with obesity had greater insulin resistance (homeostatic model assessment for insulin resistance [HOMA-IR]) and elevated fasting insulin and FFA levels, though none had pre-existing diabetes or previous gestational diabetes, and none developed gestational diabetes during the index pregnancy. The infants of the obese mothers had similar birth weight, higher cord blood insulin levels, and higher percentage fat mass measured 24e48 h after birth.
Greater lipid content and lower FAO in Ob-MSCs
To determine cellular neutral lipid content in 21d myogenic differentiating MSCs, we stained cells with Oil Red-O (ORO) and observed 30% higher staining in Ob-versus NW-MSCs ( Figure 1A) . ORO was localized as droplets within the cell and not accompanied by elevated content of the adipogenic marker peroxisome proliferator activated receptor (PPAR)g (Supplemental Figure 1a) , suggesting that there was not spontaneous adipogenesis in the Ob-MSCs. Greater lipid storage in Ob-MSCs could be due to upregulation of lipogenic pathways, though we observed no differences between NW-and Ob-MSCs for the triglyceride synthesis regulator DGAT1 ( Figure 1B ) or for proteins regulating de novo lipogenesis: ACL, ACC, SREBP1, FAS, SCD1 (Supplemental Figure 1bed) . To determine cellular lipid uptake and metabolism, we performed radiolabeled lipid tracer experiments in myogenic differentiating MSCs using a physiological composition of 14 C-labeled fatty acids plus carnitine, which is less cytotoxic than palmitate [26] . We observed no difference in total cellular uptake of fatty acids, though esterified lipids were 30% higher and total 14 C-FAO was 30% lower in the Ob-versus NW-MSCs ( Figure 1C ). Lower FAO could be due to increased availability of glycolytic products (i.e. greater reliance on carbohydrate substrate), though we did not observe group differences in glycolysis with MIM alone or minimal or maximal glycolytic rates (2-deoxyglucose or oligomycin, respectively; Figure 1D ). Likewise, we did not observe differences in basal cellular glucose uptake (Supplemental Figure 1e) . Together, these data indicate that, of a comparable amount of fatty acids entering the cell during the measurement period, fewer are oxidized and more are stored in Ob-MSCs. These differences in lipid metabolism are not attributable to differences in lipid or carbohydrate uptake. Figure 1C ) is the sum of two component measures: complete oxidation of fatty acids to CO 2 and incomplete oxidation (ASMs), which represents fatty acids that entered the mitochondria but were not completely metabolized. The ratio of ASM/CO 2 represents mitochondrial efficiency for fatty acid oxidation, where higher values reflect deficits within the mitochondria, either in b-oxidation or the tricarboxylic acid (TCA) cycle. Importantly, ASM/CO 2 is typically elevated in skeletal muscle tissue and cells from obese animals and humans [26e 29] and mitochondrial inefficiency for fat oxidation has been causally linked to the development of insulin resistance in animal models [26] . When we closely examined ASM/CO 2 , we discovered a clear divergence among the Ob-MSCs that tracked with differences in complete oxidation (CO 2 ), but not with ASM ( Figure 2AeC ). Importantly, there was no divergence among the Ob-MSCs for ORO, total FAO, fatty acid uptake, or esterification (data not shown). These results indicate that, while all Ob-MSCs have greater lipid accumulation and deficits in total mitochondrial uptake of fatty acids (FAO), a subset of Ob-MSCs have lower complete oxidation (CO 2 ), which could have important implications for mitochondrial health. In fact, animal models of maternal obesity show disruption to multiple aspects of mitochondrial health in the offspring [10, 30] . We hypothesized that the distinct Ob-MSC phenotypes we observed may be reflective of distinct intrauterine exposures associated with maternal obesity. Thus, we separated the Ob-MSC into ObLo and ObHi according to ASM/CO 2 ( Figure 2A ) and re-evaluated maternal and infant in vivo measures. We found no significant group differences between the Ob groups based on maternal BMI, infant sex, gestational age at delivery, gestational weight gain, birth weight, or maternal glucose levels (data not shown). Notably, however, maternal fasting insulin, HOMA-IR score, and FFA levels showed a stepped increase from NW < ObLo < ObHi (Figure 2DeF) . Moreover, infant adiposity showed similar patterns for increasing severity and cord blood insulin levels were markedly higher in ObHi, with no difference in cord blood FFA levels (Figure 2GeH ). Correlation analyses confirmed the stepped increases for these maternal and infant characteristics between groups (Supplemental Figure 2aee) . We interpret this to mean that intrauterine exposures contributing to differences in neonatal adiposity and cord blood insulin levels may also contribute to MSC phenotype differences. (DeF) Maternal fasting insulin, HOMA-IR, and FFA levels were measured after overnight fast at median 17 weeks gestation. (G) Insulin was measured in cord blood collected immediately after birth. (H) Infant fat mass was measured using air displacement plethysmography within 24e48 h after birth. All data are presented as mean AE SEM. For each panel, bars with different letters indicate differences for those groups at P < 0.05 as calculated by ANOVA analysis with a priori planned comparisons for three independent groups, and comparison of NW-MSC versus all Ob-MSCs. MIM: myogenic induction media; FAO, fatty acid oxidation; ASM, acid soluble metabolite; HOMA-IR, homeostatic model assessment for insulin resistance; FFA, free fatty acids.
Distinct metabolic phenotypes identified among Ob-MSCs Total FAO (
To statistically evaluate these separate phenotypes we examined frequency distributions of NW-and Ob-MSCs and found that, while NW-MSCs displayed a relatively normal distribution for ASM/CO 2 , the Ob-MSCs displayed a clear bimodal distribution, representative of distinct phenotypes (Supplemental Figure 2feg) . Moreover, separate examination of the NW-MSC group, similarly split at the mean for ASM/ CO 2 , does not reveal differences for any maternal or neonatal measures, nor for other MSC measures, such as CO 2 . (not shown). Thus, we continued by evaluating the three groups separately, but also accounting for the Ob-MSC groups combined to identify measures consistent with maternal obesity alone (such as ORO, FAO), and those tracking with Ob-MSC phenotypes (such as CO 2 ).
Ob-MSCs demonstrate lower AMPK protein content
To examine the mechanisms contributing to lower total FAO observed in both Ob-MSC groups, we measured markers of mitochondrial content and observed no significant differences in citrate synthase enzyme activity or protein content of ETS complexes IeIV (Figure 3Ae B). We next measured CPT enzyme activity in mitochondrial lysates and found that it was higher in all Ob-MSCs compared with NW-MSC ( Figure 3C ) indicating that, outside of the cellular environment, CPT capacity to activate fatty acids was not compromised in Ob-MSCs. In fact, higher CPT activity in Ob-MSCs may reflect compensation for deficits upstream of CPT. Mitochondrial entry of fatty acids and, thus, FAO is acutely increased by AMPKa phosphorylation and inhibition of ACC, which relieves inhibition on CPT leading to increases in flux of fatty acyl-CoA into the mitochondria for oxidation [31] . We found that phosphorylated AMPK tended to be lower while total AMPKa1/2 was significantly lower in Obversus NW-MSCs ( Figure 3D ). These data suggest that reductions in AMPK content may be important for reducing FAO in all Ob-MSCs. and increased AMPK Thr172 /AMPK protein in all groups, though to a lesser extent in ObHi ( Figure 4A, Supplemental Figure 3aeb ). As an index of AMPK activity, phosphorylated ACC increased with 24hFA in all cells (Supplemental Figure 3ced) , with greater ACC Ser79/212 /ACC content with 24hFA in ObLo ( Figure 4B ). To more clearly define AMPK activation in the MSCs, independent of changes in fatty acid availability (i.e. 24hFA), we directly activated AMPK with 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR; 24hAICAR), a pharmacological activator of AMPK that mimics cellular AMP. 24hAICAR increased AMPK Thr172 /AMPK to a similar extent in all groups, ameliorating ObHi deficits in AMPK Thr172 /AMPK observed with 24hFA ( Figure 4C ). 24hAICAR increased ACC Ser79/212 /ACC in all groups though, as with 24hFA, more robustly in ObLo ( Figure 4D ). There were no differences in total protein levels between groups or with treatment (Supplemental Figure 3eeh) . We posited that consistently lower ACC Ser79/212 /ACC in NW-MSCs for 24hFA and 24hAICAR were related to differences in substrate preference rather than an inherent deficit in AMPK activity. To address this, we measured raptor Ser792 , another AMPK substrate. 24hAICAR robustly increased raptor Ser792 /raptor in NW and ObLo but not in ObHi ( Figure 4E ; Supplemental Figure 3iej ). These data indicate that, despite rescue of deficits in AMPK Thr172 / AMPK with 24hAICAR, ObHi maintain deficits in AMPK activity, regardless of substrate. NW-MSC preference for raptor over ACC may be reflective of differences in cellular lipid content ( Figure 1A) , where NW-MSCs maintain greater capacity to store excess fuels and, thus, have less need for robust activation of FAO when under metabolic stress. Collectively, these data indicate that reductions in AMPK activity contribute to a reduced ability to regulate FAO and, while ObLo-MSCs respond robustly to nutrient stress and direct AMPK activation, ObHiMSCs do not.
3.6. Ob-MSCs demonstrate hypermethylation of genes specific to FAO We next investigated epigenetic differences linked to our metabolic observations using a hypothesis-driven approach ( Figure 5A ). We selected curated genesets specific to oxidative metabolism and the regulation of FAO (MSigDB, Broad Institute; Supplemental Tables 3 and  4) . We then analyzed MSC Illumina 450 K methylation array data for DMRs in these genes. Because differences in methylation of specific loci can be small yet persistent across a DNA region, the DMR analysis is considered more informative than single CpG significance, combining information from multiple CpGs to improve the biological inference of the data [25] . We then confirmed DMR results by bisulfite pyrosequencing of select CpGs and measuring mRNA content. Methylation analysis revealed hypermethylation in Ob-MSCs for PRKAG2, ACACB, CPT1A, and SDHC (maximum b-value differences in each DMR reflect 9%, 9%, 12% and 8% greater methylation in Obversus NW-MSC, respectively; Figure 5BeE , Supplemental Table 5 ).
Mean b-values for all probes tested are reported in Supplemental Table 6 . PRKAG2, ACACB, and CPT1A encode for subunits/isoforms of proteins regulating fatty acid mitochondrial entry (AMPKg2, ACC2, CPT1A), while SDHC encodes for a subunit of ETS complex II ( Figure 5F ). All DMRs flank active transcription start sites (TSS; <1,500 bases) and/ or are at known enhancer regions [32, 33] (Figure 5BeE, Supplemental  Figure 4 ). Only one common SNP was within 10 bases of the single base extension of any identified CpG site (SDHC:cg13788685; rs114165436). Pyrosequencing confirmed two CpG sites with the greatest Ob-MSC hypermethylation: CPT1A:cg17058475 and ACACB:cg02022322 (Figure 6AeB ). qPCR revealed significantly lower or a trend for lower mRNA content for all genes in Ob-versus NW-MSCs, also measured in undifferentiated MSCs (GM, Figure 6C ).
Our MSC lipid metabolism results are in line with reduced PRKAG2 content and the known function of AMPKg2, where ADP is more protective against AMPKa de-phosphorylation when the AMPK complex contains AMPKg2 as opposed to AMPKg1 or g3 isoforms [34] .
Moreover, AMP does not have a similar preference for AMPKg2 where, in the presence of AMP, AMPKa phosphorylation is similar regardless of AMPKg isoform [34] . This may explain why ObHi increased AMPK Thr172 /AMPK to a similar extent as other groups with 24hAICAR, but not with 24hFA. Thus, we evaluated the relationship between PRKAG2 methylation and the capacity for AMPK phosphorylation with 24hFA and found that PRKAG2: cg20534694 methylation was inversely correlated with the 24hFA-induced change in AMPK Thr172 /AMPK, but only among Ob-MSCs ( Figure 6D ), suggesting either a threshold of methylation above which functional deficits are observed, or a combination of factors affecting AMPK function. Therefore, we next measured mRNA content of all AMPK subunit isoforms for GM and MIM conditions and observed similar patterns of deficit in Ob-versus NW-MSC for many AMPK subunits (Supplemental Figure 5 ). These data, combined with our initial observation of lower AMPKa1/2 protein content in all Ob-MSCs ( Figure 3F ) suggest that functional deficits in AMPK are likely multifactorial, including differences in DNA methylation, gene transcription, and protein activation. Moreover, ObLo and ObHi groups are likely affected differently, or to varying degrees, by variability in exposures associated with maternal obesity during intrauterine development (e.g. insulin, fatty acids, oxidative stress).
3.7. MSC DNA methylation is correlated with neonatal outcomes Lastly, to determine how variability in maternal exposures or infant outcomes corresponds to MSC outcomes, we evaluated relationships between MSC methylation and maternal/infant in vivo measures. We found that PRKAG2:cg20534694 and ACACB:cg02022322 were positively correlated with cord blood insulin, while PRKAG2:cg20534694 was also positively correlated with infant adiposity (Supplemental Table 7 , Figure 6E ). Only the PRKAG2 associations with infant fat mass or adiposity remained significant after adjusting for multiple testing.
DISCUSSION
Causal mechanisms of excess adiposity in infants born to mothers with obesity and the biochemical pathways contributing to the development of obesity or metabolic disease in these offspring are not clear. To begin to address this research gap, we have developed a novel model of umbilical cord-derived MSCs that may give critical insight into the mechanisms for altered metabolism in infants born to mothers with obesity. In this study, our goal was to identify potential differences in lipid metabolism in myogenic differentiating Ob-MSCs, consistent with those observed in adults with established obesity and in offspring from animal models of maternal obesity. We found that umbilical cordderived MSCs from infants born to mothers with obesity exhibit excess lipid accumulation when undergoing myogenesis in vitro. Lipid accumulation was explained by lower rates of FAO and greater lipid esterification, rather than differences in lipid uptake. Our FAO assay revealed heterogeneity among Ob-MSCs, while those from infants born with highest adiposity and cord blood insulin levels consistently demonstrated lower mitochondrial FAO and AMPK activation, and greatest DNA methylation in genes encoding for proteins regulating AMPK and FAO. Moreover, despite rescue of deficits in AMPK Thr172 / AMPK with 24hAICAR, these cells maintained deficits in AMPK activity. We interpret this to mean that factors associated with maternal obesity impair offspring AMPK signaling and responsiveness, resulting in Figure 3aed . At d20 of myogenesis, cells were incubated with or without AICAR for 24 h in conditions depicted, followed by western blot analysis for (C) phosphorylated (Thr172) relative to total protein content of AMPKa1/a2, (D) phosphorylated (Ser79) relative to total protein content of ACC, and (E) phosphorylated (Ser792) relative to total protein content of Raptor. Western blot data are presented in arbitrary units as the fold-difference in ObLo and ObHi groups relative to NW-MSCs (2 culture replicates per subject, pooled). b-actin serves as a loading control. Individual phosphorylated and total protein measures are shown in Supplemental Figure 3eej . All data are presented as mean AE SEM. For all measures n ! 4 subjects/group. For each panel, bars with different letters indicate differences for those groups at P < 0.05 as calculated by ANOVA analysis with a priori planned comparisons for three independent groups and comparison of NW-MSC versus all Ob-MSCs.^P < 0.05 for difference from untreated condition for both NW-and Ob-MSC groups, combined using 2-tailed paired t-test. MIM: myogenic induction media; AMPK, AMP-activated protein kinase; ACC, acetyl CoA carboxylase. dysregulation of FAO. While the exact mechanisms underlying interindividual susceptibility to obesity remain largely unknown, we postulate that excess infant adiposity is a strong marker of fetal exposures that underlies changes in infant stem cell DNA methylation, metabolism, and dysfunction in energy sensing pathways. Our results are consistent with perturbations in lipid metabolism identified in skeletal muscle tissue and muscle-derived satellite cells in adults with established obesity [9, 11, 12] and satellite cells of offspring of obese non-human primates [10] . In utero, fetal MSCs differentiate into mature adipocytes and myocytes, but also maintain progenitor populations in the developed tissues (e.g., SV and satellite cells). In vivo, these 'adult MSCs' can differentiate to mature cells (e.g., adipocytes, myocytes) for tissue maintenance and repair. In vitro, these adult MSCs retain cell surface markers and differentiation capacity consistent with fetal MSCs [35] . Furthermore, adipose SV cells from adult humans born with low birth weight demonstrate reduced adipogenesis and lower leptin production in vitro relative to normal birthweight counterparts [36] . This was correlated with lower circulating leptin levels in vivo and attributed to differences in leptin gene promoter methylation in vitro [36] . Similarly, skeletal muscle satellite cells from adult, low birth weight cohorts also demonstrate perturbations to myogenesis and oxidative metabolism [37] . We have previously described Ob-MSC differences in adipogenesis and b-catenin signaling, similar to animal models of maternal obesity [4] , and have reported Ob-MSC perturbations to metabolic and energy sensing pathways, as determined by metabolomic and RNA sequencing analyses (in press). In the aggregate, these data suggest that early perturbations in metabolism affecting the MSC lineage, and offspring mesodermal tissues, may also be observed in adult MSCs and in MSCs derived from the umbilical cord. Disruption to AMPK proteins and gene expression are routinely observed in placenta and fetal tissues from obese dams [38e41], with some showing rescue with maternal metformin administration [41] . In humans, disruption to AMPK signaling is observed in placenta from mothers with obesity [42] . Moreover, placental tissue and isolated placental trophoblasts from mothers with obesity display reduced FAO and greater esterification that is linked to impaired mitochondrial function and perturbations to CPT1 and other FAO-related genes [43] . Though others relate these placental differences more to gestational diabetes than maternal obesity per se [44] , overall these data suggest that a common response to maternal fuel overload, whether placenta, fetal cells, or fetal skeletal muscle tissue is reduced cellular energy sensing and increased energy storage. We employed a hypothesis-driven approach to identify a potential epigenetic basis for the observed MSC phenotypes by limiting our methylation analysis to genesets related to oxidative metabolism. Because our goal was to first identify a metabolic phenotype based on maternal obesity exposure, our study was powered thusly. Therefore, our sample size is relatively small in comparison to epigenome-wide association studies (EWAS), but warranted for completing the indepth metabolic phenotyping of the MSCs that is not feasible in archived tissue or blood samples. Nevertheless, our results are consistent with adult EWAS investigations, where two CpGs we identified in the CPT1A DMR (cg00574958 and cg17058475) were associated with blood lipid profiles in humans [45, 46] . Some groups have associated differential methylation of these CpGs with intrauterine famine exposure [32, 33] , strengthening the hypothesis that intrauterine metabolic disturbances introduce stable epigenetic modifications in fetal cells and tissues that we are able to detect in human umbilical cord-derived MSCs. It should be noted however, that although we studied an isolated MSC population [4] , MSCs are characteristically heterogeneous and differences in cell subtype may account for some portion of the differences in DNA methylation between NW-and Ob-MSCs [47, 48] . Hypermethylation of genes in oxidative metabolism pathways, and corresponding down-regulation of mRNA content, suggests the MSC phenotype may be affected by multiple genes that are coordinately regulated. Thus, metabolic differences in the MSCs are likely multifactorial and may not be attributable to differences in a single CpG, or even a single DMR or gene. We have not yet determined whether these potential sites of differential methylation observed in the MSCs are causally related to mRNA differences, though this deserves further study. Since undifferentiated MSCs represent the least manipulated progenitor cell state it is less likely that our experimental procedures influenced MSC methylation. Likewise, methylation measures were made prior to excess lipid accumulation in Ob-MSCs, as there is nearly negligible lipid present in the undifferentiated cells [4] . Thus, as MSCs become committed to the myogenic lineage, emergence of the metabolic phenotype is more likely influenced by the original methylation state rather than vice versa. Our observation that MSC metabolic phenotype is maintained through multiple cell divisions in vitro, also suggests that these intrauterine exposures may have long-term consequences for offspring stem cell metabolism.
CONCLUSION
We have identified maternal obesity-associated reductions in offspring MSC lipid metabolism and AMPK activity. Our hypothesis that maternal obesity drives MSC phenotype was partially correct, with observed heterogeneity in Ob-MSC metabolism that corresponded to differences in infant adiposity. These distinct MSC phenotypes suggest that intrauterine exposures, rather than maternal obesity per se, influences MSC metabolism. While it is not possible to demonstrate that human MSC metabolism is causal to obesity risk in these children, our outcomes are consistent with metabolic phenotypes observed in offspring from animal models of maternal obesity and in adult humans with established obesity. As we continue to follow these children longitudinally, we may be better able to address whether umbilical cord MSC metabolism is predictive of future weight gain or adiposity patterns.
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